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Abstract 
The Midwest Regional Carbon Sequestration Partnership (MRCSP) is implementing a commercial-scale carbon capture and 
storage (CCS) project in multiple Silurian carbonate pinnacle reefs in northern Michigan that are in various phases of enhanced 
oil recovery. This paper presents analyses of five pressure fall-off tests performed sequentially during the injection of 166,000 
tonnes of CO2 into a Type-1 (depleted) reef which has undergone primary and secondary production. Bottom-hole pressures were 
monitored in the injection well and in two observation wells to record progressively increasing reservoir pressure during the 
injection period, which also included five fall-off tests. Pressure data were analyzed using combined history-matching and 
pressure derivative matching techniques implemented with a commercial well-test interpretation program, FAST WellTest™. 
The paper illustrates the challenges of consistently interpreting CO2 injection fall-off tests under multi-phase flow with varying 
pressure conditions using a single-phase analytical model. This work is relevant to CO2 sequestration in depleted oil reservoirs 
because regular fall-off testing is required under the U.S. Environmental Protection Agency’s Underground Injection Control 
(UIC) Program for CO2 geologic sequestration (75 FR 77230). 
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1. Background 
The MRCSP commercial-scale CCS demonstration project is studying multiple Silurian (Niagaran) carbonate 
pinnacle reefs in northern Michigan that are in various phases of enhanced oil recovery (EOR), including: nearly 
depleted reefs (Type 1), active CO2-EOR reefs (Type 2), and newly targeted reefs (Type 3). Type 1 reefs are late-
stage EOR reefs that have undergone extensive primary and secondary oil recovery and are at or near their economic 
limit. Type 2 reefs are operational EOR reefs, in which primary oil recovery is completed and secondary oil recovery 
is currently underway using CO2 injection. Type 3 reefs have undergone primary oil recovery, but no secondary oil 
recovery using CO2 has yet been attempted. One of the primary objectives of this project is to provide information to 
help evaluate the feasibility of utilizing pinnacle reefs for long-term CO2 storage during and following CO2-EOR. 
Hundreds of such carbonate reefs exist in the Michigan Basin of the United States and Canada and numerous others 
exist elsewhere in the U.S. and the world. CO2 injection into a Type-1 study reef for the MRCSP project started in 
February 2013 and will continue until reservoir pressures reach the lower of the CO2 compression limit or the UIC 
permit limit. 
 
Nomenclature 
bbl Barrel 
CCS Carbon capture and storage 
CO2 Carbon dioxide 
cP Centipoise (dynamic viscosity) 
EOR Enhanced oil recovery 
md miilidarcy 
MMSCF Million standard cubic feet 
MRCSP  Midwest Regional Carbon Sequestration Partnership 
msl Mean sea level 
psi Pounds per square inch 
STB Stock-tank barrel 
Tonne Metric ton 
UIC Underground injection control 
1.1. Description of the study reef  
The study reef, located in northern Michigan, is one of many Type 1 Silurian-age pinnacle reefs in the Michigan 
basin. The reef is part of the oil-productive Northern Pinnacle Reef Trend on the northern flank of the Michigan 
Basin (Fig. 1). These pinnacle reefs developed in the upper portion of the Niagara Group, which is subdivided into 
the Guelph and Lockport Dolomites [1,2] (Fig. 2). Historically, the oil industry subdivides the Niagara Group into 
Brown, Gray, and White Niagara based on color, texture, and wireline log signature [2,3]. The reef facies are 
referred to as the Brown Niagara, the equivalent to the Guelph Dolomite [1,4]. The underlying Gray and White 
Niagara are the subsurface equivalent of the Lockport Dolomite. The Brown Niagara is overlain and encased by 
cyclic carbonate and evaporite sequences of the Salina Group. According to Rullkotter et al. [5], the principal source 
rock for oil accumulation in the northern reefs is the A-1 Carbonate. The A-1 Carbonate and the upper part of the 
Brown Niagara are the producing formations of the study reef. The A-1 anhydrite and A-1 Carbonate anhydrites 
(“rabbit ears”) form restricted seals on the reef flanks, and the A-2 Evaporite forms the top seal.  
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Fig. 1 (Left). Location of the study reef within the Northern Pinnacle Reef Trend. 
Fig. 2 (Right).Generalized lithostratigraphic column showing the vertical and lateral succession of formations comprising the study reef. 
Fig. 3 shows approximate outline of the study reef and open and plugged wells in the field. All but three wells are 
plugged. The three open wells include: 1-33, 2-33, and 5-33. A geologic cross section through the study reef is 
provided in Fig. 4 (the location of the cross-section line is shown in Fig. 3). This cross section, which is based on 
interpretation of geophysical logs from wells that penetrate the reef, shows the presence of the Brown Niagara and 
the A-1 Carbonate, which are overlain by the A-2 Evaporite and A-2 Carbonate, respectively. The Brown Niagara 
comprises the majority of the reef complex. The lower boundary of the Brown Niagara has been estimated based on 
information from a few wells drilled into the study reef that reached the Gray Niagara. 
 
Fig. 4 also shows the perforated interval in the 1-33 injection well compared to the monitored intervals in the two 
monitoring wells, 2-33 and 5-33 (indicated by yellow shading). The 1-33 well, which is the CO2 injection well, is a 
vertical well perforated across an interval approximately 150 ft in length extending from near the top of the A-1 
Carbonate at the top to the middle Brown Niagara at the bottom. The elevation of the bottom of the perforated 
interval in 1-33 is -4,310.96 ft msl; therefore, CO2 injected into this well is injected above the original oil-water 
contact (approx. elevation -4345 ft msl). The 5-33 monitoring well, which is a deviated (high angle) well, is 
perforated across a short interval (approximately 80 ft in measured length; 15.7 ft in true vertical length) in the 
Brown Niagara. The bottom of the perforated interval in this well has an elevation of -4,342.78 ft msl, which is 
approximately 32 ft below the bottom of the perforated interval in the 1-33 well. The cross section in Fig. 4 
intersects the 2-33 monitoring well, which is a horizontal open borehole. The approximate elevation of the horizontal 
borehole is -4,343.75 ft msl, which is almost equal to the elevation of the bottom of the perforated interval in the 5-
33 well.  
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Fig. 3. Outline of study reef showing wells and geologic cross section line. 
 
Fig. 4. Generalized geologic cross section through study reef showing geologic formations and monitored interval in the three active wells. 
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The approximate thickness of the producing formations (i.e., combined thickness of the A-1 Carbonate and the 
Brown Niagara) reaches a maximum of approximately 300 ft in the center of the field; however, the combined 
thickness of the Brown Niagara and A-1 Carbonate above the original oil-water contact (average elevation -4,345 ft 
msl) is approximately 150 to 180 ft in the reef center (Fig. 5). The approximate dimensions of the study reef 
measured at the intersection of the -4,345 ft contour (oil-water contact) and the top of the A-1 Carbonate, which 
drapes over the underlying Brown Niagara, are 2,070 ft east to west and 2,760 north to south (approximately 131 
acres) (Fig. 5). The approximate dimensions of the study reef measured at the intersection of the -4,345 ft contour 
and the top of the Brown Niagara are 1,550 ft east to west and 2,245 ft north to south (approximately 80 acres) 
(Fig. 6). 
 
 
Fig. 5 (left). Contour map of the thickness of the Brown Niagara and A-1 Carbonate above the original oil-water contact. 
Fig. 6 (right). Contour map of the thickness of the Brown Niagara above the original oil-water contact.  
1.2. Production history  
The study reef underwent primary production and subsequently secondary recovery via CO2-EOR. Primary 
production took place from May 1975 through April 1996, resulting in the recovery of approximately 1.3 million 
stock-tank barrels (STB) of oil, 1.66 million standard cubic feet (MMSCF) of natural gas, and 142,000 bbls of water. 
Secondary recovery began in December 1996 and continued uninterrupted through November 2007, after which 
production occurred intermittently through the end of 2012. As of December 2012, approximately 0.5 million STB 
of oil had been recovered as a result of secondary recovery, along with an additional 0.66 MMSCF of gas and 
115,168 bbls of water.  
 
The first CO2 was injected into the reef in May 1996, and for the 7-month period May 1996 through November 
1996, injection of CO2 occurred without production in order to pressurize the reef before the start of enhanced 
recovery. During the period May 1996 through December 2012, approximately 1.29 million metric tons (tonnes) 
(24,510 MMSCF) of CO2 were injected into the reef, of which approximately 1.08 million tonnes (20,520 MMSCF) 
were recovered, resulting in storage of approximately 0.2 million tonnes (3,800 MMSCF). During the enhanced 
recovery phase, all CO2 was injected into the reef through the 1-33 well, while production was from the 2-33 and 5-
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33 wells. Fig. 7 shows the monthly and cumulative CO2 injection history in the study reef during the enhanced 
recovery period May 1996 through December 2012. 
 
 
Fig. 7. Monthly CO2 injected and produced during enhanced recovery. 
1.3. CO2 injection following enhanced recovery (MRCSP Phase III) 
Under the MRCSP project, CO2 is being injected into the study reef without concurrent production in order to 
study post-EOR CO2 storage in pinnacle reefs. CO2 will be injected for a period of approximately 2 years or until 
reservoir pressure reaches the maximum pressure limit mandated by the UIC permit. 
 
Injection of CO2 into the study reef under the MRCSP Phase III project began February 24, 2013. During the 
period February 24 through November 19, 2013, five discrete injection events were performed ranging in duration 
from 8 hours to 111 days (approximately 16 weeks) (Table 1). Each of the injection events was followed by a period 
of no injection to provide pressure recovery (fall-off) data for pressure-transient analysis to determine reservoir 
properties (e.g., permeability). The fall-off periods ranged in duration from approximately 5 days to 5 weeks; 
however, fall-off pressure data were usually not collected for the entire fall-off period because the pressure gauges 
had to be removed to allow access for well logging or other activities that could not be performed with the pressure 
gauges in place. As a result, the longest fall-off period of record is approximately 3 weeks.  
 
As of the end of the 16-week injection period on November 19, 2013, 166,203 tonnes of CO2 had been injected 
into the reef under the MRCSP Phase III project. CO2 injection is still on-going.  
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Table 1. CO2 injection history into the study reef under the MRCSP Phase III project. 
Injection Period 
Title 
Date/Time 
Start of Injection 
Date/Time 
End of Injection 
Injection 
Duration 
(days) 
Metric Tons of 
CO2 Injected 
Date/Time 
End of 
Fall-off 
Fall-off 
Duration (days) 
8-Hr Test 2/24/2013 
10:49:16 AM 
2/24/2013  
7:31:54 PM 
0.36 246 3/1/2013 1:00:22 
PM 
4.7 
1-day Test 3/1/2013 1:00:22 
PM 
3/2/2013  
1:00:26 PM 
1 841 3/20/2013 
10:00:22 AM 
17.8 
9-Day Test 3/20/2013 
10:00:22 AM 
3/29/2013 10:00:08 
AM 
9 9,289 4/23/2013 
12:55:27 PM 
25 
11 Week Test 4/23/2013 
12:55:27 PM 
7/8/2013  
10:05:46 AM 
75.9 68,646 7/31/2013 
11:59:59 AM 
23 
16 Week Test 7/31/2013 
11:59:59 AM 
11/19/2013 10:00:05 
AM 
110.9 87,181 12/26/2013  
10 AM 
37 
1.4. Reservoir pressure response to CO2 injection  
The injection well and the two monitoring wells were instrumented with downhole memory-style pressure gauges 
to record reservoir pressure in the reef during the MRCSP injection period. CO2 injection rate was continuously 
measured (1-minute frequency) with a coriolis mass-flow meter located at a central CO2 processing facility, 
approximately 3 miles from the study reef. Fig. 8 shows the CO2 injection history and the pressure response in each 
of the three wells during the MRCSP Phase III CO2 injection period (through the end of the 16-week test).  
 
Pressure monitoring began in all three wells prior to the start of CO2 injection in order to obtain a baseline 
pressure record for each well. Baseline pressure in the three wells was approximately 780 psi (1-33), 625 psi (5-33) 
and 440 psi (2-33). At the end of the fall-off period following the 16-week injection event, pressure in the three wells 
had increased to approximately 1,450 psi (1-33), 1400 psi (5-33), and 1100 psi (2-33). The difference in pressure 
between wells is primarily due to the difference in the position (elevation) of the pressure gauge in the wells. The 1-
33 well is a vertical well; therefore, the gauge in this well could be placed within the well’s perforated interval. The 
2-33 and 5-33 wells are both deviated, so the gauges had to be placed above the monitored interval in these wells. 
The gauge in the 2-33 well was installed approximately 610 ft above the horizontal open borehole. Except for the 9-
day test, the gauge in the 5-33 well was placed 320 ft (after the 9-day test) to 375 ft (before the 9-day test) above the 
midpoint of the perforated interval. During the 9-day test, the well was reconfigured for a micro-seismic monitoring 
event, and the gauge was run in on tubing (rather than on slickline) and positioned just 10 ft above the perforated 
interval midpoint. Abrupt changes in pressure are visible in Fig. 8 for the 5-33 well due to repositioning of the 
pressure gauge. Conversely, the position of the pressure gauges in the 2-33 well remained the same throughout the 
period of record and in the 1-33 well for the entire CO2 injection period. 
2. Analysis of fall-off tests 
2.1. Data analysis approach 
The injection fall-off tests were analyzed using the history-matching method implemented with the analytical 
models within the WellTest™ [6] software program. This process involved simulating the injection rate history for 
each test and calculating the pressure response in each well. During the history-matching process, model parameters 
(reservoir and fluid) were adjusted within realistic limits to achieve the best possible match between the simulated 
and measured pressures. For the injection well, the history-matching also involved matching the pressure derivative 
response for each fall-off test, which is a standard method in established well test analysis technology. History-
matching was performed for the 1-33 injection well and both monitoring wells for each of four injection fall-off tests 
(i.e., 1-day, 9-day, 11-week, and 16-week) conducted during the injection period from February through December 
2013.  
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Fig. 8. Pressure in the three wells and CO2 injected during the MRCSP Phase III project (through the end of the 16-week injection-fall-off test). 
For analysis of 1-33 data, a multi-zone (three-zone) composite radial model with a vertical injection well was 
used; by contrast, a single-zone radial model was used for analysis of the data from the 2-33 and 5-33 monitoring 
wells. A multi-zone radial model did not seem to improve the quality of the history matches for these monitoring 
wells. Model parameters and assumptions are described below.  
 
Boundary condition – A no-flow impermeable outer boundary was assigned to the model. This assumption is 
validated by the observed pressure response in all three wells, which show that pressure increases incrementally 
throughout the CO2 injection period (see Fig. 8).  
 
Reservoir thickness – The thickness of the reservoir was assumed to be 150 feet, which is based on the combined 
thickness of the A-1 Carbonate and the Brown Niagara Formations above the oil-water interface (approximate 
elevation -4,345 ft msl). This thickness also corresponds to the length of the perforated interval in the 1-33 injection 
well. 
 
Reservoir radius – The approximate size of the reservoir is known from interpretation of seismic-reflection data 
and well data. For history-matching, reservoir radius was allowed to vary over a range that was considered to be 
plausible for the study reef, generally from 1,000 to 1,500 ft. 
 
Reservoir porosity – A constant value of 5% was used for all zones in all cases, corresponding to the average log-
derived porosity of the combined A-1 Carbonate and the Brown Niagara Formations above the oil-water contact.  
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Fluid type – Because CO2 can be a gas, liquid, or a supercritical fluid with liquid-like density and gas-like 
viscosity, depending on pressure and temperature conditions in the reservoir, history-matching was conducted using 
both a gas model and a liquid model scenario in WellTest™. Fig. 9 illustrates the density of CO2 in the 1-33 well 
during the injection fall-off tests as a function of pressure and temperature in the 1-33 well. The density data indicate 
that the CO2 occurred as a gas, liquid, and supercritical fluid during the injection fall-off tests.  
 
In the liquid model scenarios, the measured CO2 mass-injection rate (tonnes/day) is first converted to a 
volumetric rate (e.g., barrels per day) based on the density of the CO2 at bottom-hole pressure and reservoir 
reference temperature, which was taken to be 101°F. In the gas model scenarios, the measured CO2 mass-injection 
rate is first converted to a volumetric gas-flow rate in standard cubic feet per day based on the density of the CO2 at 
standard temperature and pressure (density = 0.1167 lbs/ft3 at P=14.7 psia and T=60°F). These values are entered in 
the WellTest™ model, which converts them to equivalent volumetric rates at specified reservoir conditions.  
 
Viscosity –The viscosity value specified in the WellTest™ radial model option represents the flowing fluid phase 
(i.e., in this case CO2). Therefore, viscosity was varied from 0.02 cP to 0.05 cP, depending on the test. The low 
viscosity value of 0.02 cP was used for injection fall-off tests conducted when the reservoir pressure was low, and 
higher values were used for fall-off tests conducted under higher reservoir pressures at later stages of CO2 injection. 
The viscosity of pure CO2 as a function of pressure and temperature measured in well 1-33 during the MRCSP 
injection phase is shown in Fig. 10; it also shows viscosity as a function of pressure and a constant temperature of 
101°F, which corresponds to the background reservoir temperature recorded prior to the start of the MRCSP CO2 
injection phase. As can be seen from this plot, viscosity of CO2 varies from approximately 0.02 to 0.06 cP for the 
range of pressure and temperature of the injection fall-off tests. 
 
Compressibility – Total compressibility, ct, is defined as the sum of the compressibility of the formation (cf) and 
the sum of the compressibility of the fluids in the reservoir weighted by their saturation.  
ܿ௧ ൌ ௙ܿ ൅ ܿ௚ ௚ܵ ൅ ܿ௢ܵ௢ ൅ ܿ௪ܵ௪    (1) 
where: cf is compressibility of formation (psi-1), cg is compressibility of gas (psi-1), co is compressibility of oil (psi-
1), cw is compressibility of water (psi-1), Sg is gas saturation (percent), So is oil saturation (percent), and Sw is water 
saturation (percent). 
 
In the liquid model, ct can be specified for each zone in the radial-composite model, and is constant throughout 
the entire test period. However, in the gas model, the specified initial value of ct is adjusted throughout the simulated 
injection period as a function of injection pressure using the material balance pseudo time function. During shut-in 
periods when the average reservoir pressure does not change, the model uses the final pressure at the end of injection 
period to calculate ct. Due to these dynamic conditions, ct cannot be constrained explicitly using the gas model, 
which is not the case with liquid model, where ct is constrained to the specified value. For this reason, all fall-off 
tests were analyzed using both the gas model and the liquid model in WellTest™. For reference, the compressibility 
of pure CO2 as a function of bottom-hole pressure and temperature measured in well 1-33 during the MRCSP 
injection phase is shown in Fig. 11, which also shows the case of a constant reservoir temperature of 101°F. As can 
be seen from this plot, the compressibility of pure CO2 varies from approximately 1.0e-04 to 1.0e-02 psi-1, which 
corresponds to the range of compressibility used in the history-matching.  
 
Well skin – An initial estimate of skin factor (representing a zone of injectivity impedance [positive skin] or 
enhancement [negative skin] surrounding the well) was obtained through a diagnostic analysis of test data, which 
was then allowed to vary within a plausible range in order to achieve the best possible history match. Final skin 
values were between -3.5 and -5.5 for all tests, indicating a zone of injectivity enhancement.  
 
Distance to observation well – For analyzing the 5-33 well data, a separation distance of 750 ft was used, which is 
based on measured bottom-hole distance between the 1-33 and 5-33 wells. For analyzing the 2-33 well data, a 
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separation distance from 565 to 700 ft was used. Because the 2-33 well is a horizontal open borehole that spans a 
distance of several hundred feet, the separation distance cannot be measured precisely. 
 
 
Fig. 9. Density of CO2 as a function of pressure and temperature in the 1-33 injection well. 
2.2. Calculated parameters 
The history-matching of transient pressure data using the WellTest™ analytical models provided estimates of 
mobility, k/ȝ. Thus, permeability can be calculated if viscosity is known. In the analysis of fall-off tests, viscosity is 
an estimated (uncertain) parameter; consequently, values for calculated permeability are reported along with the 
values of mobility and viscosity. In this way, permeability can be recalculated using a different viscosity value.  
 
The calculated permeability values do not represent the absolute formation permeability, but rather the effective 
permeability of the flowing reservoir fluid (in this case, primarily CO2 because oil saturation is low). Thus, 
permeability derived from well tests is less than absolute formation permeability. In order to convert the effective 
permeability to the absolute permeability, the fluid saturation distribution in the reservoir and the relative 
permeability relationships between fluids must be known.  
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Fig. 10. Viscosity of CO2 as a function of pressure and temperature in the 1-33 injection well and as a function of pressure in the 1-33 injection 
well and a temperature of 101°F. 
 
Fig. 11. Compressibility of CO2 as a function of pressure and temperature in the 1-33 injection well and as a function of pressure in the 1-33 
injection well and a temperature of 101°F. 
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2.3. History-matching results 
History-matching results are discussed for each of the four fall-off tests analyzed. Plots showing the history-
match results are provided in Appendix A.  
2.3.1. 1-Day test 
1-33 Injection well – A reasonably good match of the injection and fall-off pressure data and the fall-off 
derivative was obtained with a three-zone radial composite gas model. The history-match plots for this test are 
shown in Fig. A.1 (Pressure) and Fig. A.2 (Fall-Off Derivative). This analysis yields mobility value of 690, 69, and 
378 md/cP for the inner, middle, and outer zones, respectively, with corresponding permeability values of 14, 1, and 
8 md (based on viscosity of 0.02 cP). Other model parameters are displayed on the plots. As discussed previously, 
the ct values that are given for the gas model are the initial user-specified values and thus do not correspond to the 
final ct values calculated by the model. A match could not be obtained with the liquid model for this test.  
 
The analysis of this test indicates that the single-phase analytical model was applicable for this test, which was 
conducted when reservoir pressure was relatively low and the CO2 was primarily in the gas phase during both the 
injection and fall-off periods. This observation provides support to the subsequent analysis procedures of this paper. 
 
5-33 Well – The history-match plot for the 5-33 well is shown in Fig. A.3 for the gas model, which yields a 
mobility value of 417 md/cP. The computed permeability value is 8 md, based on a viscosity of 0.02 cP. The use of 
the gas model for this test is justified because low reservoir pressures suggest that CO2 was in the gas phase. 
 
2-33 Well – The history-match plot for the 2-33 well is shown in Fig. A.4 for the gas model, which yields a 
mobility value of 500 md/cP. The computed permeability value is 10 md, based on a viscosity of 0.02 cP. As with 
the 5-33 well, reservoir pressure in this well were below the critical pressure for CO2. 
2.3.2 9-Day test 
1-33 Injection well – An approximate match to the entire injection and fall-off pressure sequence and the fall-off 
pressure derivative was obtained with a three-zone radial composite gas model (Figs. A.5 and A.6) and a similar 
liquid model (Figs. A.7 and A.8). However, the modeled pressures during the early part of injection do not closely 
match the measured pressures. This could be due to CO2 undergoing phase transition during the injection and fall-off 
periods, a dynamic condition that cannot be simulated with the WellTest™ single-phase analytical model. The plot 
of CO2 density in the 1-33 well (Fig. 9) during the injection tests indicates that the CO2 transitioned from a gas to a 
liquid or supercritical fluid during injection and then back to gas phase during the fall-off period. Thus the gas model 
results could be more representative. 
 
The gas model yields mobility values of 1346, 200, and 700 md/cP for the inner, middle, and outer zones, 
respectively. Corresponding permeability values are 27, 4, and 6 md (based on viscosity of 0.02 cP). The liquid 
model yields mobility value of 1316, 150, and 263 md/cP for the inner, middle, and outer zones, respectively; and 
corresponding permeability values of 26, 3, and 5 md (based on viscosity of 0.02 cP). 
 
5-33 Well – The history-match plot for the 5-33 well is shown in Fig. A.9 for the gas model. The gas model is 
considered more applicable for this test than the liquid model because reservoir pressures in the region between the 
injection well and the monitoring well were most likely below the critical pressure of CO2 during most of the test, 
based on pressures measured in the 1-33 well (Fig. 9). The gas model yields a mobility value of 222 md/cP, which 
corresponds to a permeability of 4 md (based on a viscosity of 0.02 cP).  
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2-33 Well – The history-match plot for the 2-33 well is shown in Fig. A.10. As with the 5-33 well, the gas model 
is considered more applicable for this test. The gas model yields a mobility of 265 md/cP, corresponding to a 
permeability of 5 md (based on a viscosity of 0.02 cP).  
2.3.3 11-Week test 
1-33 Injection well –The plot of CO2 density in the 1-33 well (Fig. 9, above) indicates that the CO2 occurred 
primarily as a liquid and supercritical fluid in the vicinity of the injection well during this test. As CO2 injection 
progressed during the 11-week injection period, CO2 moved deeper into the reservoir and occupied a greater volume 
of the reservoir. In turn, this caused the fluid properties within the reservoir (e.g., state of CO2, viscosity, 
compressibility) to vary spatially, thus creating conditions that cannot be rigorously simulated with the single-phase 
fluid analytical WellTest™ model. For this reason, three history-match scenarios were developed for this test, as 
discussed below.  
 
x Scenario 1. An approximate history match of the entire injection and fall-off pressure sequence and the fall-off 
pressure derivative was obtained with a three-zone radial composite gas model. This is shown in Figs. A.11 and 
A.12. However, in order to match the derivative, the outer boundary radius had to be increased to 2,000 ft, 
which may exceed the size of the reef reservoir. An outer radius larger than actual reef size was needed in order 
to provide a stable analytical solution. This analysis yields mobility value of 625, 375, and 83 md/cP for the 
inner, middle, and outer zones, respectively, with corresponding permeability values of 19, 11, and 3 md (based 
on viscosity of 0.03 cP). 
 
x Scenario 2. A better match of the fall-off pressure and fall-off derivative was obtained with an alternate three-
zone gas model; however, this model does not match the injection data and it also uses an outer radius of 
2,000 ft. This match, which is shown in Figs. A.13 and A.14, yields mobility value of 425, 1000, and 833 md/cP 
for the inner, middle, and outer zones, respectively, with corresponding permeability values of 13, 30, and 25 
md (based on viscosity of 0.03 cP). 
 
x Scenario 3. An approximate history match of the injection and fall-off pressure sequence was obtained using a 
three-zone radial composite liquid model, but it was not possible to match the late-time fall-off pressure 
derivative with this model (Figs. A.15 and A.16). As can be seen, the modeled late-time derivative reflects the 
presence of a smaller boundary that is not indicated in the data. This analysis yields mobility values of 450, 500, 
and 50 md/cP for the inner, middle, and outer zones, respectively, with corresponding permeability values of 14, 
15, and 2 md (based on viscosity of 0.03 cP). A better match of the fall-off derivative could not be obtained with 
the liquid model, even when excluding the injection data. This may be due to the fact that the CO2 was in a 
supercritical fluid phase rather than a liquid phase for most of the test, and fluid properties were changing with 
pressure, a condition that the model does not account for. 
 
5-33 Well – History-match plots for the 5-33 well are shown in Fig. A.17 for the gas model and Fig. A.18 for the 
liquid model. The gas model yields a mobility value of 278 md/cP, whereas the liquid model yields a mobility value 
of 118 md/cP. Based on the viscosity value that was used in this analysis (0.04 cP), the resulting permeability values 
are 11 md and 5 md. It is not obvious which model is the most applicable, because of changing fluid state during the 
test; thus both results are presented. 
 
2-33 Well – History-match plots for the 2-33 well are shown in Fig. A.19 for the gas model and Fig. A.20 for the 
liquid model. The gas model yields a mobility value of 582 md/cP, whereas the liquid model yields a mobility value 
of 177 md/cP. These correspond to permeability values of 23 md and 7 md, respectively, based on a viscosity value 
of 0.04 cP. 
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2.3.4 16-Week test 
1-33 Injection Well – Similar to the 11-week test, the CO2 density plot in Fig. 9 (above) indicates that the CO2 
occurred primarily as a supercritical fluid in the vicinity of the injection well during this test. This test proved to be 
the most difficult to history-match with the WellTest™ software. Therefore, two history-match scenarios were 
developed, as discussed below.  
 
x Scenario 1. The entire injection and fall-off pressure sequence and fall-off derivative could not be matched with 
a gas model. However, a match of the fall-off pressure and fall-off derivative (i.e., excluding the injection data) 
was obtained with a three-zone radial composite gas model. This is shown in Figs. A.21 and A.22. This analysis 
yields mobility values of 250, 833, and 65 md/cP for the inner, middle, and outer zones, respectively, with 
corresponding permeability values of 13, 42, and 3 md (based on viscosity of 0.05 cP). 
 
x Scenario 2. A match of just the fall-off pressure and fall-off derivative (i.e., when excluding the injection data 
from the history match) was obtained with a liquid model (Figs. A.23 and A.24). This analysis yields mobility 
values of 250, 750, and 53 md/cP for the inner, middle, and outer zones, respectively, with corresponding 
permeability values of 13, 38, and 3 md (based on viscosity of 0.05 cP). When the injection pressure data were 
also included in the match, it was not possible to match the late-time fall-off pressure derivative with this liquid 
composite model. Thus, this analysis clearly indicates the impact of complex CO2 phase behavior in addition to 
its interaction with oil present in this complex phase CO2-oil reservoir. 
 
The analysis results for this test with alternate models show that variations in properties of CO2 and its fluid phase 
transitions in the reservoir are phenomena that limit the application of simplified single-phase analytical solutions to 
these tests. A full composition reservoir model is needed to analyze these tests coherently and consistently. 
 
5-33 Well – The pressure response data recorded in the 5-33 well for this test shows that pressures were 
significantly affected by intervention work conducted in the well in late August (see Fig. 8 above). The well 
intervention, which involved producing fluid from the well, resulted in a dramatic decrease in pressure that persisted 
for almost 8 weeks before pressure started to rebound. Consequently, the measured pressure transient data are not 
very reliable for this test; an acceptable history match could not be obtained for this test using either the gas model or 
the liquid model.  
 
2-33 Well – An acceptable history match could not be obtained for this test with either the gas model or the liquid 
model.  
2.4. Summary of results 
Mobility and permeability values from analysis of data from the 1-33 injection well and the two monitoring wells 
are summarized in Fig. 12 (mobility) and Fig. 13 (permeability). As previously discussed, the 1-33 well was 
analyzed using a three-zone composite radial model; therefore, a mobility and permeability value are shown for each 
zone. In contrast, a single mobility and permeability value is shown for the monitoring well scenarios because a 
single-zone radial model was used to analyze the monitoring well data. The range of mobility values from the 
injection well data is 50 to 1,346 md/cP, compared to a range of 118 to 582 md/cP for the monitoring wells. The 
range of permeability values from the injection well data is 1 to 42 md, compared to a range of 4 to 23 md for the 
monitoring wells.  
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Fig. 12. Comparison of mobility values from injection well data and monitoring well data. 
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Fig. 13. Comparison of permeability values from injection well data and monitoring well data. 
3. Discussion and conclusions 
Several conditions make the analysis of the study reef pressure data challenging, including: a gradual increase in 
the pressure of the reef with ongoing injection starting with an initially depleted pressure condition, the presence of 
multiple fluids (i.e., oil, brine, CO2) in the reservoir, and the unique phase behavior of CO2 controlled by changing 
pressure and temperature conditions. Limitations of the analytical model impose additional data analysis challenges 
for this application. 
 
Despite these limitations, it is possible to make the following observations about the study reef: 
 
x It is a closed system, as evidenced by continuous increase in reservoir pressure with each successive injection 
event;  
x It can be modeled as a circular reservoir with a thickness of 150 ft and a radius between 1,000 and 1,500 ft 
(except for one scenario that used a radius of 2,000 ft); and 
x It has permeabilities between approximately 1 and 40 md. 
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The history-matching process with simplified single-phase analytical models proved to be imperfect for most fall-
off events. In particular, for the injection well, it was not always possible to match the entire injection and fall-off 
pressure sequence and the fall-off derivative using a single model. In these cases, additional model scenarios were 
developed to match the fall-off pressure and fall-off pressure derivative without matching the injection data, and to 
match the injection pressure without matching the fall-off derivative. The former approach is supported by published 
works [7,8], which show that a moving boundary during the injection period with changing saturations in the 
reservoir gives a different pressure transient behavior as compared to fall-off tests where the system is practically 
stationary and the saturation distribution in the reservoir remains nearly unchanged (i.e., the presence of a moving 
fluid bank during injection vs. a stationary fluid bank during the fall-off period).  
 
In addition, for CO2 injection, the CO2 could undergo different phase changes during the injection period as 
compared to the fall-off stage, thus making the injection and fall-off pressures behave differently. The analytical 
model used in this study is unable to simulate these dynamic processes, thus leading to imperfect history matches. 
Because of these limitations, the reservoir properties (mobility and permeability) that were derived from the history-
matching analyses are considered as rough estimates with uncertainty. A compositional numerical simulator that is 
capable of accounting for variations in the phase behavior and fluid property variations of CO2 is needed to improve 
the history-matching analyses presented in this study, and to provide more reliable estimates of formation properties. 
Multiple injection and fall-off tests under different reservoir conditions can provide a unique and robust data set for 
such numerical analysis. Based on the results of this study, the authors are planning to apply a numerical 
compositional model to try to improve the analyses of the CO2 fall-off tests presented here. 
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Appendix A. History-match plots 
A.1. History-match plots for the 1-day test 
 
Fig. A.1. History-match plot for the 1-day test (gas model): pressure data. 
 
Fig. A.2. History-match plot for the 1-day test (gas model): fall-off pressure and derivative. 
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Fig. A.3. History-match plot for the 5-33 well for the 1-day test (gas model). 
 
Fig. A.4. History-match plot for the 2-33 well for the 1-day test (gas model). 
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A.2. History-match plots for the 9-day test 
 
 
Fig. A.5. History-match plot for the 9-day test (gas model): pressure. 
 
Fig. A.6. History-match plot for the 9-day test (gas model): fall-off pressure and derivative. 
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Fig. A.7. History-match plot for the 9-day test (liquid model): pressure.  
 
Fig. A.8. History-match plot for the 9-day test (liquid model): fall-off pressure and derivative. 
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Fig. A.9. History-match plot for the 5-33 well for the 9-day test (gas model). 
 
Fig. A.10. History-match plot for the 2-33 well for the 9-day test (gas model). 
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A.3. History-match plots for the 11-week test 
 
 
Fig. A.11. History-match plot for the 11-week test (gas model): pressure.  
 
Fig. A.12. History-match plot for the 11-week test (gas model): fall-off pressure and derivative.  
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
Fig. A.13. History-match plot for the 11-week test (gas model): pressure  

Fig. A.14. History-match plot for the 11-week test (gas model): fall-off pressure and derivative.  
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Fig. A.15. History-match plot for the 11-week test (liquid model): pressure.  
 
Fig. A.16. History-match plots for the 11-week test (liquid model): fall-off pressure and derivative. 
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Fig. A.17. History-match plot for the 5-33 well for the 11-week test (gas model).  
 
Fig. A.18. History-match plot for the 5-33 well for the 11-week test (liquid model). 
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Fig. A.19. History-match plot for the 2-33 well for the 11-week injection fall-off test (gas model). 
 
Fig. A.20. History-match plot for the 2-33 well for the 11-week test (liquid model). 
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A.4. History-match plots for the 16-week test 
 

Fig. A.21. History-match plot for the 16-week test (gas model): pressure.  

Fig. A.22. History-match plot for the 16-week test (gas model): fall-off pressure and derivative.  
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Fig. A.23. History-match plot for the 16-week test (liquid model): pressure.  
 
Fig. A.24. History-match plot for the 16-week test (liquid model): fall-off pressure and derivative. 
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